Cadmium (Cd) is a heavy metal of high interest to the superfund initiative. Recent epidemiology studies have suggested a possible association between Cd exposure and cognitive as well as olfactory impairments in humans. However, studies in animal models are needed to establish a direct causal relationship between Cd exposure and impairments in cognition and olfaction. This study aims to investigate the toxic effect of Cd on cognition and olfactory function in mice. One group of 8-week-old C57BL/6 male mice was exposed to 3 mg/l Cd (in the form of CdCl 2 ) through drinking water for 20 weeks for behavior tests and final blood Cd concentration analysis. The behavior tests were conducted before, during, and after Cd exposure to analyze the effects of Cd on cognition and olfactory function. Upon completion of behavior tests, blood was collected to measure final blood Cd concentration. Two additional groups of mice were similarly exposed to Cd for 5 or 13 weeks for peak blood Cd concentration measurement. The peak blood Cd concentration was 2.125-2.25 lg/l whereas the final blood Cd concentration was 0.18 lg/l. At this exposure level, Cd impaired hippocampus-dependent learning and memory in novel object location test, T-maze test, and contextual fear memory test. It also caused deficits in short-term olfactory memory and odor-cued olfactory learning and memory. Results in this study demonstrate a direct relationship between Cd exposure and cognitive as well as olfactory impairments in an animal model.
found in a variety of foods. Currently, food and cigarette smoking are the 2 main sources of Cd exposure in the general population (Clemens, 2006; Satarug et al., 2010) . Occupational Cd exposure is another important route of Cd exposure (Borjesson et al., 1997; Gunier et al., 2013; Lauwerys et al., 1979; Vahter et al., 1991) . Because it has a long half-life in the human body (about 10-30 years) (Waisberg et al., 2003) , chronic exposure to Cd can induce toxic effects in various human organs including kidney (Torra et al., 1995) , liver (Goering et al., 1993; Torra et al., 1995) , bone (Chen et al., 2009; Wallin et al., 2013) , lung (Manca et al., 1994; Shukla et al., 2000) , and testis (Mao et al., 2012; Oliveira et al., 2012) .
Other studies suggest that Cd is also a neurotoxicant. In vitro experimental studies have shown that Cd can induce cell death in different neuronal cells and primary neural stem/progenitor cells (Chen et al., 2008; Lopez et al., 2003; Wang et al., 2017; Yuan et al., 2013) . Several animal studies reported that Cd induces extensive hemorrhages in the cerebral cortex and cerebellum, affects neurotransmitter function, and impairs passive avoidance, schedule controlled responding, and conditioned suppression (Ali et al., 1986; Gabbiani et al., 1967; Goncalves et al., 2010 Goncalves et al., , 2012 Maodaa et al., 2016; Nation et al., 1983 Nation et al., , 1984 Wong and Klaassen, 1982) . Nevertheless, the full spectrum of Cd's neurotoxic effects is still not fully established.
Several epidemiology studies have linked Cd exposure to impairments of cognition and olfaction in humans (Ciesielski et al., 2012 (Ciesielski et al., , 2013 Mascagni et al., 2003; Rose et al., 1992) . Although suggestive and very interesting, these studies are limited by potential uncontrolled confounding factors, making it difficult to conclude that Cd exposure alone, at environmentally relevant levels, causes these impairments. This study aims to establish a direct causal relationship between Cd exposure and impairments of cognition and olfaction in an animal model.
MATERIALS AND METHODS
Animals and treatments. Six-week-old male C57BL/6J mice were purchased from Charles River Laboratories and housed (4 to 5 animals per cage) in standard conditions (12 h light/dark cycle) with food and water provided ad libitum. The mice received normal drinking water or drinking water with 3 mg/l Cd (in the form of CdCl 2 ) starting at 8 weeks of age. Animal drinking water with CdCl 2 (Cat. 202908, Sigma-Aldrich, St. Louis, Missouri) was prepared from a stock solution and replaced every week. Water consumption was monitored every week during the whole exposure period. We used separate cohorts of mice in our study, 1 for neurobehavioral testing and 1 for Cd blood concentration measurement. For the neurobehavioral group (n ¼ 10 in control or treated group), the exposure time was 20 weeks, and the same group of animals were repeatedly used for all behavioral tests. For the blood Cd analysis group (n ¼ 4 in control or treated group), the exposure time was 5 and 13 weeks. The preparation, use and disposal of hazardous reagents were conducted according to the guidelines set forth by Environmental Health and Safety Office at the University of Washington. All animal care and treatments were approved by the University of Washington Institutional Animal Care and Use Committee.
Open field test.
The open field test was used to assess the effects of Cd on locomotor activity and anxiety. Mice were placed into a 10 inches (width) Â 10 inches (depth) Â 16 inches (height) TruScan Photo Beam Tracking arena (Coulbourn Instruments, Whitehall, Pennsylvania) with clean Plexiglas sidewalls and their movement was monitored with 2 sets of infrared breams spaced 0.6 inch apart, providing a spatial resolution of 0.3 inch. The animal was allowed to freely explore the arena without prehabituation for 20 min, and the data were collected by TruScan 2.0 software (Coulbourn Instruments). The total move distance, total move time, and average speed are used to assess the effects of Cd on locomotor activity. The time and distance spend in margin and center, as well as center entries, are used to assess the effects of Cd on anxiety.
Elevated plus maze test. The elevated plus maze test was used to investigate the effects of Cd on anxiety. The elevated plus maze apparatus (San Diego Instruments, San Diego, California) was used for this test. The maze (26 inches Â 26 inches Â 15.25 inches) consists of 2 open arms, 2 closed arms, and a center area. Each closed arm has a 7-inch wall on 2 sides, and the center area measures 2 inches Â 2 inches. During the test, the maze was placed in the center of the behavior room, and animals were placed into the center of the apparatus facing toward an open arm and allowed to freely explore the maze for 5 min. The open and closed arm ends were defined as the distal one-third of the arms. A video camera and ANYmaze software (San Diego Instruments Co) were used to track and analyze the animal's movement during the test.
Morris water maze test. The Morris water maze (MWM) test was performed to assess hippocampus-dependent spatial learning and memory. This test was conducted as previously described (Wang et al., 2014) . The MWM tank was a circular steel tank (47 inches diameter) filled with room temperature water made opaque with nontoxic white paint. The Plexiglas hidden platform (3.9 inches Â3.9 inchesÂ7.7 inches) was submerged 1-2 cm below the surface of water in one of the tank quadrants. Four extramaze cues were placed at intervals around the tank. In this test, mice were trained 4 trials/day for 6 consecutive days. For each trial, the mouse was given a maximum of 40 s to find the platform. If the mouse did not find the platform within 40 s, they were guided to the platform and assigned a latency of 40 s for that trial. Once the mouse reached the platform, they were allowed to stay on the platform for 15 s and then dried and returned to their home cage. Twenty-four hours after the last training day, a probe test was performed in which the hidden platform was removed and each animal completed a single, 60 s probe test. After the initial probe test, mice were subjected to reversal training for 4 trials/day and 10 consecutive days in which the hidden platfrom was moved from the initial quadrant (Q3) to the opposite quadrant (Q1). Twenty-four hours after the last day of reversal training, a reversal probe test was performed. Two days after the reversal probe test, a visible platform test was conducted as previously described (Wang et al., 2014) . All the trials and tests were performed by an experimenter blinded to treatment, and all the data from the training trials and probe test were collected using ANYmaze software (San Diego Instruments).
Novel object location test. The novel object location test was used to assess the effects of Cd on hippocampus-dependent spatial working memory. This assay was performed as previously described with a few modifications (Wang et al., 2014) . Briefly, each animal was placed into an open field arena (Coulbourn Instruments) with 2 identical objects placed in 2 different corners. During the training session, the mouse was allowed to freely explore the 2 objects for 5 min and then returned to its home cage. To exlude preference of specific location, alternating coners were used for object presentation. Testing was performed 1 h after training, the animal was returned to the arena with the same 2 objects; one object remained in its original location and the other had been moved to a new location. The time the animal spent actively investigating each object during the training and testing was recorded by cameras and quantified after the test. Each training and testing session was scored and analyzed by an experimenter blinded to the animal's treatment. For NOL test, the discrimination ratio was calculated by dividing the differences in exploring time between novel and familiar locations by the total exploring time. It is used to compare spatial memory changes at different time points.
T-maze continuous alternation test. Spontaneous alternation is partially due to the hippocampus-dependent spatial working memory. In this study, it was assessed by using a continuous alternation T-maze protocol with minor modifications (SpowartManning and van der Staay, 2004) . Briefly, the black, plastic T-maze apparatus had 2 goal arms and one start arm (12.2 inches Â 4.5 inches Â 8.26 inches), and was placed on a platform (22.5 inches) in the center of a behavior room. The test consists of a first, forced trial and 14 free-choice trials. For the first forced trial, one of the goal arms was randomly blocked with a plastic guillotine door. The animal was sequestered in the distal onethird of the start arm for 5 s. Then, the mouse was allowed to enter the unblocked goal arm. Once the animal returned to the start arm, it was sequestered in the start arm for 5 s before the start of the 14 free-choice trials. For each free-choice trial, no goal arm was blocked and the mouse was allowed to enter either of the goal arms; once it entered a goal arm, the other goal arm was immediantely blocked with a guillotine door. When the animal eventually returned to the start arm, it was sequestered for 5 s while all of the goal arms were unblocked. This cycle was repeated for a total of 14 times. We defined arm entry as the animal's tail tip entering the arm. The alternation percentage was calculated by dividing the number of times the animal entered alternating arms by 14 (free-choice trials). An experimenter blinded to animal treatment scored the choice in each test and analyzed the data.
Cued and contextual fear-conditioning tests. Contexutal fear memory is another form of hippocampus-dependent learning and memory, and cued fear memory is a hippocampus-independent learning and memory. In this study, a modified cued and contextual fear conditioing test using weak foot shock conditioning paradigm (3 Â 0.3 mA, 2 s shocks with 2 min intertrial intervals) was used as previously described Pan et al., 2012a) . For the conditioning session, the mouse was placed into the foot shock context (10 inches Â 10 inches Â 16 inches arena with grid shock floor [Coulbourn Instruments]) and allowed to freely explore the arena for 2 min before the presentation of a 90 dB, 30 s tone (conditioned stimulus, CS). During the last 2 s of the tone, a 0.3 mA foot shock (unconditioned stimulus, US) was delivered. This cycle was repeated 2 more times before the mouse was returned to its home cage. The CS and US were automatically delivered by the TruScan software (Coulbourn Instruments). The contextual fear memory test was then conducted 24 h after conditioning session. The mouse was placed back into the foot shock context for 2 min in the absence of tone or foot shock. For the cued test, which was performed 2 h after context test, the animal was placed into a novel context (new room; hexagonal Plexiglas arena) and allowed to freely explore the new context for 2 min. The CS (tone) was then presented for 2 min. For the novel context test, which was performed 2 h after the cued test, the mouse was placed into another novel context (new room; rat cage) and allowed to freely explore for 2 min with no presentation of either tone or foot shock. In all 3 tests, persistent freezing behavior (4 paws on the ground, no head or body movement besides breathing) was recorded by video camera and manually quantified during the 2 min scoring period by an experimenter blinded to animal treatment.
Olfactory habituation/dishabituation test. This test was conducted as previously described (Pan et al., 2012b; Wang et al., 2015; Zou et al., 2012) . Briefly, mice were trained with mineral oil-laced cotton swabs for 4 of 60 s presentations with 2 min intervals between each presentation. This pretaining was to ensure that subsequent exposure to odorant laced cotton swabs did not induce a response due to the novelty of the cotton swab. Then, the olfactory habituation/dishabituation test was conducted by presenting isoamyl acetate, citralva, and vanillin sequentially with four 60 s presentations (with 2 min interval) for each odorant. During the test, the duration of the mouse's investigating (sniffing) of the cotton swab was recorded by video camera and scored by an experimenter blinded to animal treatment. The investigation of the swab was defined as the animal's nose approaching to and within 1 cm to the swab. A significant decrease in investigating time during subsequent presentation of the same odorant indicates odor habituation, and an increase in the time spent in investigating the swab with a new odorant indicates dishabituation.
Threshold for odorant detection test. The threshold test was conducted as previously described (Pan et al., 2012b; Wang et al., 2015) . Briefly, animals were presented with 2 cotton swabs simutaneously; 1 laced with increasing concentration of 1-octanol (50, 100, or 200 lM) and another with mineral oil. The location of the 2 cotton swabs was switched randomly between presentations to avoid spatial learning. Animals were presented with increasing concentrations of the odorant with 1 concentration for each day on consecutive days. Each presentation lasted for 3 min, and the total investigation time on each swab was recorded and scored by an experimenter blinded to animal treatment after the test. Results are presented as percentage of the time spent investigating the odorant over the total time spent in investigating the 2 swabs. A investigating duration >50% indicates the animals detected the odorant.
Short-term olfactory memory. Short-term olfactory memory was assessed as previously described (Pan et al., 2012b; Wang et al., 2015) . The animals were presented with a cotton swab laced with the same odorant during two 5 min sessions separated by different intervals (240, 300, and 360 min). A different odorant was used for each interval time point. To avoid cross interference of olfactory detection and memory, only 1-time interval was tested on each day. The investigating time on the swab was recorded by video camera and scored by an experimenter blinded to animal treatment after the test. A significant decrease in investigation of the swab during the second presentation of the same odorant indicates olfactory memory for that odorant.
Sand-digging-based odor cued associative olfactory learning test. We conducted this behavior test following the protocol as previously described . Before the test, mice were food restricted to maintain 85%-90% of normal body weight for 5-6 days before the beginning and throughout the entire test. At the beginning, mice were pretrained to learn to retrieve the food reward buried in sand. The pretraining session consisted of 3 consecutive days during which the food pellet was put on the top of sand (day 1), partially buried in sand (day 2), and deeply buried in sand (day 3) with 4 trials per block (1 min interval between each trial), 2 blocks each day and a 4 h interval between the 2 blocks. By the end of day 3, mice had learned to retrieve the food pellet within 50 s. The day after pretraining session, mice were subjected to the olfactory discrimination test for 4 trials per block, 2 blocks per day with a 4 h interval for 10 days. During the test, both dishes were filled with sand with 1 scented with (þ)-carvone and another with (À)-carvone. A food pellet was buried deeply in the sand with (þ)-carvone. The 2 dishes were placed on each side twice per test block but no more than 3 consective times each day to avoid spatial cue. Scoring for correct or incorrect choice was based on the mouse's first dig. If the mouse's first choice was correct, it was allowed to finish the digging and to retrieve the food pellet as a reward. If the mouse made a wrong choice, it was allowed to finish the digging on that side but not allowed to self-correct. During the test, the experimenter was blinded to the animal treatment.
Blood Cd analysis. The Environmental Health Laboratory at the University of Washington measured blood Cd levels using inductively coupled plasma mass spectrometry. The experimenter who measured the blood Cd was blinded to the treatment of animals. The peak blood Cd analysis was conducted at sacrifice after the cessation of the Cd exposure from the Cd analysis group (n ¼ 4 per treatment), using Agilent 7500 (Agilent Technologies, Santa Clara, California) with a detection limit of <0.5 lg/l. This equipment was then replaced by Agilent 7900 (Agilent Technologies) which is more sensitive and has a detection limit of <0.08 lg/l. The final blood Cd analysis was conducted at the end of the behavior tests from the neurobehavioral group (n ¼ 7-8 per treatment) using this newer equipment.
Statistical analysis. Statistical analyses were conducted using GraphPad Prism software (version 6.0h for Mac, GraphPad Software Inc., San Diego, California) and Excel (Microsoft, Redmond, Washington). For behavioral tests, 1-way ANOVA was used for the sand digging based test within the control or the Cd-treated group, respectively, to compare the % correct choices the animals made at different training days relative to their first training day. Student's 2-tailed t test was used to analyze all other behavioral results. All data were expressed as mean 6 SEM. n.s., not significant; *p < .05; **p < .01; ***p < .001.
RESULTS

Cd Exposure Results in Peak Blood Cd Concentrations Comparable to Human Environmental Exposure
Exposure to 10 mg/l CdCl 2 via drinking water has been commonly used to study the neurological effects of Cd in mice (Chen et al., 2013; Honda et al., 2013; Ishitobi et al., 2007) . Mice can tolerate up to 100 mg/l of CdCl 2 in drinking water for 23 weeks with no weight changes (Blanco et al., 2010; Chakraborty et al., 2010; Honda et al., 2013; Hotz et al., 1999; Ikeda et al., 2004; Ishitobi et al., 2007; Jarup et al., 1993; Nakazato et al., 2008; Thijssen et al., 2007a,b,c) . To assess Cd neurotoxicity through environmental exposure, we exposed 8-week-old male C57BL/6 mice to 3 mg/l (3 ppm) Cd (in the form of CdCl 2 ) through drinking water to model environmental exposure via ingestion. We recorded body weight and water consumption every week during the whole exposure period and did not observe any effect of Cd on body weight (Figs.1A and 1B) or water consumption (Figs. 1C and 1D ). Mice were sacrificed after 5 or 13 weeks of exposure to measure the blood Cd conccentrations. Cd exposure raised blood Cd concentrations in Cd-treated mice (Figure1E). The peak blood Cd concentration in the 5-week exposure group (2.125 6 0.47 lg/l) is similar to that of the 13-week exposure group (2.25 6 0.48 lg/l), which suggests that the blood Cd concentration reached a plateau by 5 weeks of exposure and remains consistent during the exposure.
Cd Exposure Does Not Affect Body Weight, Locomotor Activity, or Cause Anxiety To assess Cd neurotoxicity, we exposed 8-week-old male C57BL/6 mice to 3 mg/l Cd through drinking water for 20 weeks to model subchronic environmental exposure via ingestion (Figure 2A) . We recorded body weight and water consumption every week during the whole exposure period and did not observe any effect of Cd on body weight ( Figure 2B ) or water consumption ( Figure 2C ) between the 2 groups. All animlas drank more water during weeks 14-17 when they were subjected to MWM test at week 14-16, likely from the increased physical activity of swimming.
We conducted the open field test to assess the effect of Cd on locomotor activity and anxiety, We did not find any significant differences in the open field activity between control and Cd-treated groups (Figure 3 ). Both the control and Cdtreated mice traveled the same total distance with similar moving time and speed in the open field test (Figs. 3A-C) , suggesting that Cd exposure does not affect locomotor activity. Furthermore, both groups of mice had similar center entries ( Figure 3D ), spent similar amounts of time along the margins ( Figure 3E ) or center ( Figure 3G ), traveled similar distance along the margin ( Figure 3F ) and to the center area ( Figure  3H ), suggesting that Cd exposure does not cause overt anxiety.
The elevated plus maze test was also conducted to assess the effect of Cd on anxiety. There was no significant difference between control and Cd-treated mice on the percent of total time spent ( Figure 4A ) or total distance traveled ( Figure 4B ) in the open arms, the percent of open arm entries (Figure 4C ), or total distance traveled in the maze ( Figure 4D ). Together, the data from the open field test and elevated plus maze test indicate that Cd exposure did not induce overt anxiety in male C57BL/6 mice. 
Cd-Treated Mice Did Not Show Deficits in the MWM Test
To determine the effect of Cd on the formation of spatial working memory, mice were subjected to 4 trials/day for 6 consecutive days in the MWM test in which a hidden platfrom was placed in the same location at the virtual quadrant 3 (Q3). Both the control and Cd-treated mice learned the task and performed similarly over the 6 days of training, manifested as swimming a shorter distance to find the hidden platform ( Figure 5A ). In the probe test, mice in both groups spent similar time in the target quadrant Q3 searching for the hidden platform ( Figure 5B ).
The mice were subsequently subjected to a reversal training paradigm in which the hidden platform was moved from Q3 to the opposite location in virtual quadrant 1 (Q1). The mice were trained 4 trials per day for 10 days. Control and Cdtreated mice performed similarly in the reversal training session and the subsequent reversal probe test (Figs. 5C and 5D ). Two days after the reversal probe test, mice were subjected to a visible platform test in which mice of both groups had similar latency to reach the platform and swim speed ( Figure 5E ). These data indicate that the Cd-treated mice did not exhibit deficits in the MWM test.
Cd Exposure Causes Long-Lasting Impairment of HippocampusDependent Spatial Memory in the Novel Object Location Test (NOL) In order to assess the effect of Cd on other forms of hippocampus-dependent spatial memory, we conducted a 1 h NOL test ( Figure 6A ) before, during, and after Cd exposure in control and Cd exposure cohorts. At each time point tested (baseline through 9 weeks post-Cd exposure), there was no difference in the exploration time of each object or each location (location A vs B) in the training session (Figs. 6B, 6D , and 6F), suggesting that none of the mice exhibited a preference for either location or object. Before Cd exposure, both groups of mice spent significantly more time exploring the object in the novel location C versus familiar location A in the test session ( Figure  6C ), indicating that they remembered the original object locations during training sessions. Six weeks into the Cd exposure, the control mice still spent signifinicantly more time in exploring the object in the novel location, whereas the Cd-treated mice spent almost equal amounts of time in exploring the 2 objects ( Figure 6E ), indicating that the Cd-treated mice did not discriminate between the old and new object locations, thus had no short-term spatial memory. The Cd-treated mice continued to exhibit a deficit in this form of spatial memory 9 weeks after the cessation of Cd exposure ( Figure 6G ), suggesting that the memory impairment persists long after cessation of Cd exposure. We also calculated the discrimination ratio at different time points to compare spatial memory changes over time. There was no difference between control and Cd treated mice before exposure ( Figure 6H ). At 6 weeks, 7 weeks, and 19 weeks into Cd exposure and 9 weeks post-Cd exposure, Cd treated mice had a significantly lower discrimination ratio compared with controls.
Cd Exposure Impairs Hippocampus-Dependent Spatial Memory in T-Maze Test
Rodents tend to alternate the arm they previously entered in a T-maze setting, which is partially due to the hippocampusdependent spatial working memory Gerlai, 1998; Spowart-Manning and van der Staay, 2004) . Interestingly, the Cd-treated mice exhibited a statistically significant reduction in spontaneous alternation in the T-maze (Figure 7) . Together with the findings from the NOL test, these data further suggest that Cd exposure impairs hippocampusdependent spatial working memory in male mice.
Cd Exposure Impairs Contextual Fear Memory in Mice
We conducted fear conditioning tests to investigate the effect of Cd exposure on contexual fear memory, another form of hippocampus-dependent learning and memory, and on cued fear memory which is hippocampus-independent. We used a challenging training paradigm in which animals received 3Â0.3 mA (2 s) foot shocks during the fear conditioning session ( Figure 8A ) because we previouly reported that this form is more sensitive to changes in contextual fear memory Pan et al., 2012a) . Mice were assessed for the amount of time they froze in the testing arena 24 h after the footshock training as a measurement of their fear memory. Cd-treated mice exhibited significantly reduced contextual fear memory compared with control mice ( Figure 8B ). However, there was no difference between control and Cd-treated mice in freezing behavior in auditory-cued fear memory test or novel context test. Therefore, Cd treatment did not affect the hippocampusindependent, auditory-cued memory, or lead to generalized freezing behavior in mice. Collectively, these data suggest that Cd exposure in young adult mice attenuates hippocampusdependent contextual fear memory.
Cd-Treated Mice Show Normal Odor Detection and Odor Detecting Sensitivity
Because epidemeology studies suggested that occupational Cd exposure is associated with olfactory dysfunction in humans (Adams and Crabtree, 1961; Mascagni et al., 2003; Rose et al., 1992; Sulkowski et al., 2000) , we investigated whether Cd exposure can affect olfactory behavior in animal models. We first conducted an olfactory habituation/dishabituation test and found no difference between control and Cd-treated mice ( Figure 9A) . These mice were then subjected to an odor threshold test to examine the effect of Cd on their sensitivity for odor detection. In this test, both groups of mice spent more and similar amounts of time sniffing the 1-octanol-laced cotton swab as its concentration increased ( Figure 9B ), suggesting that they have similar detection sensitivity toward 1-octanol. These data Figure 5 . Cd exposure does not affect the performance of mice in the Morris Water Maze test. A, During a 6-day training period, Cd-treated mice swam similar distances as control mice to locate the hidden platform. B, In the probe test, both control and Cd-treated mice spent significantly more time in the target quadrant (Q3) than any other quadrant. C, Mice were subjected to the reversal training after the probe test. During the 10-day reversal training, both the control and Cd-treated mice swam similar distances to reach the hidden platform. D, In the reversal probe test, both control and Cd-treated mice spent significantly more time in the new target quadrant (Q1) than any other quadrant. E, Control and Cd group performed equally well in the visible plafrorm test; they showed similar latency to acquisition of the visible plafrom and swimming speed. Data are presented as mean 6 SEM. n ¼ 9-10 mice/group. n.s., not significant; ***p < .001. spent equal amounts of time in exploring 2 objects in the training session. C, Both the control and Cd-treated mice exibihited short-term spatial memory before Cd exposure. E, At 6 weeks into Cd exposure, the Cd-treated mice did not discriminate between the old versus novel object locations. G, Cd-treated mice continued to exihibit spatial working memory deficits at 9 weeks post-Cd exposure whereas the control mice still had intact spatial memory. H, Discrimination ratio. Data are presented as mean 6 SEM. n ¼ 8-10 mice/group. n.s., not significant; *p < .05; ***p < .001.
suggest that Cd exposure did not affect odorant detection or odor detection sensitivity.
Cd Exposure Impairs Short-Term Olfactory Memory
We conducted a cotton tip-based test to investigate the effect of Cd exposure on short-term olfactory memory. Mice were presented with the same odorant twice with a time interval between the 2 presentations (240, 300, or 360 min) on 3 separate days. Both control and Cd-treated mice spent significantly less time sniffing the odor-laced cotton tips during the second presentation compared with the first Presentation at the 240 min interval (Figure 10 ), suggesting that they had memory for the odorant presented 240 min earlier. At the 300 min time interval, whereas the control mice still exhibited statistically significant olfactory memory, the Cd-treated mice did not. At the 360 min time point, both groups of mice had lost their memory for the odorant. These data suggest that Cd exposure in mice shortened their capacity to remember a specific odorant from 300 min in controls to 240 min.
Cd Exposure Impairs Associative Olfactory Learning and Memory
We subjected control and Cd-treated mice to a sand-digging odor-cued olfactory learning and memory test to study the effect of Cd exposure on associative olfactory memory. Mice were pretrained for 3 days to associate food reward with sand digging, and both groups of mice learned the task by the end of the pretraining ( Figure 11A ). To assess associative olfactory learning and memory after pretraining, the mice had to use odor cues to discriminate between a pair of structurally similar odorants: (þ)-carvone versus (À)-carvone in order to retrieve the food reward because the food pellet was only associated with (þ)-carvone. Over the course of 10-day training and testing, the control mice gradually learned the task and retrieved the food reward correctly in about 80% of the time by the end of the 10-day training, whereas the Cd-treated mice did not ( Figure 11B ). The Cd group mice essentially did not learn to associate the food reward with (þ)-carvone and only found the reward by the 50% random chance. These data indicate that Cd exposure impairs odor-cued associative olfactory learning and memory in mice.
Blood Cd Concentration at the End of the Behavior Tests
We finished all behavior tests 60 weeks after the end of the 20-week Cd exposure. Blood was collected from the animals at the end of the behavior tests to measure the final blood Cd levels.
The final Cd concentration of Cd-treated mice was 0.18 6 0.028 lg/l (Figure 12 ). In the control group, the blood Cd ranged from below detection limit (<0.08 lg/l, n ¼ 4) to 0.15 lg/l (n ¼ 3).
DISCUSSION
In the present study, we exposed young adult male mice to Cd through drinking water that yielded peak blood Cd concentrations comparable to the higher range of Cd blood level in the general human population. We demonstrate that this Cd exposure induces persitent impairments of several forms of hippocampus-dependent spatial working memory, contextual fear memory, and olfactory memory in mice. These data provide direct evidence that Cd exposure alone is sufficient to impair hippocampus-dependent learning and memory, as well as olfaction in an animal model. Together with previous epidemeology studies in humans, these results strongly suggest that Cd is a neurotoxicant whose exposure at environmentally relevant levels can lead to cognitive and olfactory impairment.
Cd is a heavy metal commonly found in Superfund hazardous waste sites. In addition to occupational exposure, humans can be exposed to Cd through ingestion of contaminated food and water, inhalation of tobacco smoke, or air pollution. In this study, we exposed young adult male mice to 3 mg/l Cd through drinking water to model environmental exposure through ingestion. This concentration is at least 3 times lower than the 10-20 mg/l Cd in drinking water commonly used in previous in vivo studies (Gupta et al., 1995; Ramirez and Gimenez, 2003; Samuel et al., 2011; Shukla et al., 1996; Thijssen et al., 2007c) . However, it is difficult for us to specify the dose per kilograms because 4-5 mice were housed in 1 cage and water consumption was ad libitum. Although we monitored water consumption every week, we do not know how much water each individual mouse drank every day. Assuming each mouse drank equal volume of water everyday, the estimated dose per kilograms the mice received at the initial exposure period was approximately 0.4-0.5 mg/kg/day. During the period of water maze test at week 14-16, all animals drank more water and at the peak of water consumption at week 15, the estimated dose was 0.6-0.7 mg/kg/day. Animals were exposed to Cd for 20 weeks for behavior studies. We assessed hippocampus-dependent spatial memory in a novel object location assay at multiple time points before, during, and after Cd exposure to "probe" the onset and sustainability of Cd-induced spatial memory loss. The novel object location assay is reliable and noninvasive because novel objects are presented to mice for only 5 min during training and testing, and the memory only lasts a few hours. Furthermore, the repeated tests reduce the number of animals needed to probe the progression of Cd toxicity. We conducted novel object location test at experimental week 4, 5, 6, and 7. Once we confirmed that Cd exposure impaired memory in the novel object location test, we performed MWM test at experimental week 14-16 but did not observe any differences between the groups. We confirmed that the memory for novel object location was still impaired at experimental week 19. Subsequently, we stopped Cd exposure at week 20 to model subchronic exposure.
The average peak blood Cd levels immediately after 5 weeks or 13 weeks exposure are very similar (2.125 6 0.47 lg/l vs 2.25 6 0.48 lg/l), and are close to the blood Cd concentration of current smokers in the United States (men: 0.58-0.94 lg/l; women: 0.69-1.17 lg/l) according to a National Health and Nutrition Examination survey (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (Adams and Newcomb, 2014) , and lower than the standard trigger level of Cd (5 lg/l) for medical surveillance in Occupational Safety & Health Administration regulation. Furthermore, this blood Cd concentration can still be encountered among the general population around the world (Kim et al., 2015; Myong et al., 2014; Sakellari et al., 2016; Zhang et al., 2015) . Therefore, the Cd exposure used in this study is relevant to Cd exposure in humans. We found statistically significant impairments of hippocampusdependent and olfactory memory in Cd-treated mice.
Sixty weeks after the 20-week Cd exposure, the blood Cd concentration dropped from the peak level to 0.18 6 0.028 lg/l, a level that is slightly higher than that in control mice (ranging from <0.08 to 0.15 lg/l). Importantly, the final Cd concentration of 0.18 lg/l in Cd-treated mice is at the lower spectrum of the blood Cd concentrations in the general population in the United States (men: 0.19-0.32 lg/l; women: 0.22-0.39 lg/l) (Adams and Newcomb, 2014) , and much lower than that in current smokers in the United States (Adams and Newcomb, 2014) . These results suggest that Cd impairments of cognition and olfaction are irreversible, persisting long after the initial peak exposure, even when the blood Cd concentrtaion has returned to almost normal levels. Cadmium is toxic to multiple peripheral organs, however, its neurotoxic effect has not been fully established. Elevated Cd exposure is associated with reading difficulties, behavioral problems, reduced attention, memory and lower cognitive scores in adult humans (Emsley et al., 2000; Gao et al., 2008; Hart et al., 1989; Struempler et al., 1985; Viaene et al., 2000) . An epidemiology study involving 5662 U.S. adults, age 20-59 years, reported that higher cumulative Cd exposure corresponds to decreased attention and perception in those adults whose Cd exposure is primarily through diet with no smoking or work-based Cd exposure (Ciesielski et al., 2013) . Importantly, this association was observed at 0.19-0.82 lg/l Cd in urine, levels common in U.S. adults and previously considered to be without adverse effects. Another recent study involving 2282 representative U.S. children between 6 and 15 years of age found that children who have higher urinary Cd concentrations have increased risk of learning disabilities. This association was observed at exposure levels that are common among U.S. children and were originally thought to be safe (Ciesielski et al., 2012) . Several other studies in children have also shown associations between higher Cd levels and mental retardation, decreased verbal IQ, and learning disabilities (Capel et al., 1981; Ely et al., 1981; Jiang et al., 1990; Marlowe et al., 1983; Pihl and Parkes, 1977; Thatcher et al., 1982) . These findings are very interesting and animal studies should help to establish a direct correlation between Cd exposure and cognitive impairment.
Some animal studies have also reported memory deficits associated with Cd exposure. Lehotzky et al. (1990) found that prenatal exposure to Cd significantly retarded the acquisition of the conditioned escape response in rats. Cd exposure also decreases the step-down latency in inhibitory avoidance task in rats (Abdalla et al., 2014; da Costa et al., 2017; Goncalves et al., 2010 Goncalves et al., , 2012 . However, the effects of Cd on learning and memory in animal models are still not fully understood, especially in hippocampusdependent learning and memory. In this study, we examined the effect of Cd on several forms of learning and memory, both hippocampus dependent and independent. Cd exposure did not affect cued fear conditioning, a form of hippocampus-independent memory formation. Although we did not find any difference between control and Cd-treated mice in the performance of MWM test, Cd exposure impaired several other forms of hippocampusdepedent memory formation including contextual fear memory as well as spatial working memory in the NOL test and T-maze. The Cd-treated mice developed memory loss in the NOL test starting at 6 weeks into Cd exposure. Furthermore, this memory deficit was persistent through 9 weeks after the cessation of Cd exposure. Because the T-maze and fear conditioning tests were also conducted more than 9 weeks after the cessation of Cd exposure, our data suggest that Cd exposure in young adult mice can cause persistent impairment of hippocampus-dependent learning and memroy long after exposure has ended. Occupational inhalation exposure to Cd has been associated with olfactory dysfunction in humans (Adams and Crabtree, 1961; Mascagni et al., 2003; Rose et al., 1992; Sulkowski et al., 2000) . Although strongly suggestive, these studies cannot rule out confounding exposures such as nickel dust. Animal studies showed that acute intranasal administration of Cd led to partial destruction of the olfactory epithelium and impaired odor detection (Bondier et al., 2008; Czarnecki et al., 2011 Czarnecki et al., , 2012 . These studies suggest that occupational or acute and relatively highdose Cd exposure may impair olfaction. However, there had been no report whether Cd exposure through ingestion of food or water at environmentally relevant blood Cd concentrations also impairs olfaction. In this study, we present evidence that Cd exposure did not affect odorant detection or odor detection sensitivity. However, Cd-treated mice showed impaired shortterm olfactory memory toward previouly exposed odors when compared with control mice. Furthermore, we also demostrated that in the odor-cued associative learning test, Cd-treated mice did not learn the task of associating food reward with a specific odorant whereas control mice did. These data provide the first evidence that Cd exposure through ingestion impairs olfaction in mice.
Our findings indicate that Cd exposure impairs hippocampus-dependent and olfactory memories in adult mice, but the underlying mechnism is still unknown. Accumulating evidences suggest that Cd neurotoxicity may due to the induction of reactive oxygen species (ROS), which leads to oxidative stress in brain (Chen et al., 2008 (Chen et al., , 2011 . In animals, Cd exposure can significantly increase the level of lipid peroxidation in parietal cortex, striatum, and cerebellum (Mendez-Armenta et al., 2003) , and the injury in cerebral microvessels induced by Cd is thought to be associated with oxidative stress . In vitro studies also found that Cd induced ROS, which leads to apoptosis in SH-SY5Y and PC12 cells (Chen et al., 2008) . Cd can disrupt intracellular free calcium homeostasis, leading to apoptosis in a variety of neuronal cells, such as cerebral cortical neurons and primary murine neurons (Wang and Du, 2013) . Cd can also diturb the homeostasis of Cu, Zn, and Co, and then impairs different types of cells in central nervous system (Gupta and Shukla, 1996; Jin et al., 1998; Wang and Du, 2013) . Recently, the study of adult neurogenesis unveils new potential mechanism of Cd neurotoxicity. Increasing studies have found that adult neurogenesis plays an importatnt role in certain forms of hippocampus-dependent leraning and memroy, and olfactory function (Clelland et al., 2009; Deng et al., 2009; Pan et al., 2012a,b,c; Wang et al., 2014 Wang et al., , 2015 Zou et al., 2012) . We have reported that lead can impair hippocampus-dependent learning and memory through affecting adult hippocampal neurogenesis (Engstrom et al., 2015 . Recently, we also found that Cd impairs the survival and proliferation of adult subventricular neural stem cells in vitro (Wang et al., 2017) . Thus, Cd may inhibit adult neurogenesis in the hippocampus and olfactory bulb, contributing to the persistent impairment of learning and memory as well as olfaction.
CONCLUSION
In summary, our study found that Cd exposure in young adult male mice through drinking water yields peak blood Cd concentration comparable to the higher range of Cd blood level in the general human population. This exposure is sufficient to induce persistent impairments of several forms of hippocampusdependent learning and memory, as well as olfactory memory in mice. To our knowledge, these findings provide some of the first direct evidence that Cd exposure can induce impairments of hippocampus-dependent and olfactory memories in animal models. These results support the findings of epidemiology studies that low-level environmental Cd exposure is associated with impairments of cognition in humans (Ciesielski et al., 2012 (Ciesielski et al., , 2013 , and provide new insights into our understanding of Cd neurotoxicity.
